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Abstract —The use of drone small cells (DSCs) which are aerial 
wireless base stations that can be mounted on flying devices such as 
unmanned aerial vehicles (UAVs), is emerging as an effective tech- 
nique for providing wireless services to ground users in a variety of 
I scenarios. The efficient deployment of such DSCs while optimizing 
the covered area is one of the key design challenges. In this 
paper, considering the low altitude platform (LAP), the downlink 
^ coverage performance of DSCs is investigated. The optimal DSC 
Qn^ltitude which leads to a maximum ground coverage and minimum 
D required transmit power for a single DSC is derived. Furthermore, 
the problem of providing a maximum coverage for a certain 
geographical area using two DSCs is investigated in two scenarios; 
^ interference free and full interference between DSCs. The impact 
i_iOf the distance between DSCs on the coverage area is studied 
and the optimal distance between DSCs resulting in maximum 
coverage is derived. Numerical results verify our analytical results 
^ on the existence of optimal DSCs altitude/separation distance and 
^ provide insights on the optimal deployment of DSCs to supplement 
1—1 wireless network coverage. 

t-h I. Introduction 

^ Recently, using aerial base stations to support ground cellular 
networks has received significant attention. Particularly, drone 
small cells (DSCs) can act as aerial base stations to support 
r—H cellular networks in high demand and overloaded situations, or 
for the purpose of public safety and disaster management (TJ. 
The main advantage of using DSCs is that they do not need 
to have an actual pilot and hence they can be autonomously 
deployed in dangerous environments for the purpose of search, 
rescue and communication. Furthermore, since DSCs are es- 
^ sentially mobile base stations, they are more robust against 
environmental changes as compared to fixed ground base sta- 
^ tions. For example, in disaster situations such as earthquakes 
or floods where some of ground base stations are damaged, or 
during big public events such as Olympic Games where a huge 
demand for communication is observed, the cellular network 
needs to be assisted to provide the needed capacity and coverage 
jTj. In these cases, deploying DSCs acting as base stations is 
extremely useful in providing an improved quality-of-service 
(QoS) for ground users. The deployment of DSCs faces many 
challenges such as power consumption, coverage optimization 
and interference management Q. 

To address some of these challenges, the authors in Q 
provided a general view of practical considerations for the 
integration of DSCs with cellular networks. The work in 0, 
considered the use of DSCs to compensate for the cell overload 
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and outage in cellular networks. However, in this body of work 
there is no extensive discussion on the coverage performance of 
DSCs and deployment methods. Due to the special application 
of DSCs in unexpected events such as disaster, rapid and effi¬ 
cient deployment of DSCs is mandatory to provide a maximum 
coverage service for ground users. DSCs can be deployed in a 
high altitude platform (HAP) which is above 10 km height or 
in low altitude platform (LAP) with the altitude of below 10 
km 0. In 0 the optimal deployment/movement of DSCs in 
order to improve the connectivity of wireless ad-hoc networks 
was studied. In 0, considering static ground users, the optimum 
trajectory and heading of DSCs equipped with multiple antennas 
for ground to air uplink scenario was investigated. 

Beyond deployment, another important challenge for mobile 
DSC base stations is channel modeling. For instance, in 0> 
the probability of line of sight (LOS) for air to ground com¬ 
munication as a function of elevation angle and average height 
of buildings in a dense urban area was determined. The air 
to ground path loss model has been presented in jSj, As 
discussed in 0 , due to path loss and shadowing effects of 
obstacles, the characteristics of the air to ground channel depend 
on the height of the aerial base stations. By increasing the 
altitude of a DSC, the path loss increases, however, shadowing 
effect decreases and the possibility of having LOS connections 
between ground users and DSCs increases. Therefore, an op¬ 
timum altitude for the aerial base station which results in a 
maximum coverage exists. In fTQ| , assuming only one DSC 
operating with no inter-cell interference, the optimum altitude 
for the DSC which leads to a maximum coverage was derived. 
However, the authors did not consider the case of multiple DSCs 
where beyond altitude, the distance between DSCs also impacts 
the overall coverage performance. The problem of multiple DSC 
deployment becomes even more challenging when interference 
occurs between the received signal from different DSCs. The 
impact of interference on the coverage performance of DSC has 
not been investigated in prior studies. 

The main contribution of this paper is to develop fundamental 
results on the coverage and optimal deployment of wireless 
DSCs. First, we analyze the optimal height for a DSC for 
which the required transmit power for covering a target area 
is minimized. Next, to achieve the maximum coverage perfor¬ 
mance for a specifled area, the optimal deployment of two DSCs 
in both interference and interference-free situations is studied. 
The goal is to maximize the coverage performance of DSCs by 
calculating optimal values for DSCs altitude and the distance 


DSC 


between them. To this end, we consider a target area with 
a specific size and for a single static DSC and we find the 
optimum altitude ensuring sufficient coverage using minimum 
transmit power. Next, with the goal of offering maximum 
coverage for the target area the optimal deployment of two 
DSCs over the area is investigated. Numerical evaluations are 
then used to validate the derived analytical results. 

The rest of this paper is organized as follows: Section II 
presents the system model describing the air to ground channel 
model. In Section III, coverage performance of a single DSC 
and multiple DSCs is investigated. In Section IV, we present 
the numerical results. Finally, Section V concludes the paper. 

II. System Model and the Single DSC Case 

Consider a static DSC located at an altitude of h meters 
transmitting signals to static users on the ground. In order to 
analyze the coverage of such a DSC, it is imperative to adopt 
an appropriate path loss model that is suitable for air to ground 
communication. In this section after presenting the air to ground 
channel model, the optimal altitude for a single DSC case is 
derived. 

A. Air to Ground Channel Model 

As discussed in 0 and (H), the ground receiver receives 
three groups of signals including LOS, strong reflected signals 
(NLOS) and multiple refiected components which cause mul¬ 
tipath fading. These groups can be considered separately with 
different probabilities of occurrence. Typical, as discussed in 
0, it is assumed that the received signal is categorized only in 
one of the mentioned groups. Each group has a specific proba¬ 
bility of occurrence which is a function of environment, density 
and height of buildings and elevation angle. The probability of 
receiving LOS and strong NLOS components are significantly 
higher than fading |[8|. Therefore, the impact of small scale 
fading can be neglected. A common approach to model air 
to ground propagation channel is to consider LOS and NLOS 
components along with their occurrence probabilities separately. 
Note that for NLOS connections due to the shadowing effect 
and refiection of signals from obstacles, path loss is higher than 
LOS. Hence, in addition to the free space propagation loss, 
different excessive path loss values are assigned to LOS and 
NLOS links. 

Figure 1 shows a DSC located at an altitude of h and 
ground users at the radius of R from a point corresponding to 
the projection of DSC onto the ground. The distance between 
the DSC and the ground receiver is d = \/B? and 
0 = tan“^(/i/i?) indicates the elevation angle (in radian) DSC 
with respect to the user. 

The path loss for LOS and NLOS connections are 0: 

Ait f d 

^Los(<^^) = 201og(- -^) +CloS, (1) 

Ait f d 

L^hos{dB) = 201og (—-^) -h CnloS, (2) 

where Llos and LnloS are the average path loss for LOS and 
NLOS links, ^loS and ^nloS are the average additional loss to the 
free space propagation loss which depend on the environment. 



Fig. 1: Low altitude platform. 


c is the speed of light, fc is the carrier frequency and d is the 
distance between the DSC and ground receiver. 

The probability of having LOS connections at an elevation 
angle of 0 is given by fTo| 


P(LOS) = 


1 

l+a exp(-/3 [^6* - a]) ’ 


(3) 


where a and /3 are constant values which depend on the 
environment (rural, urban, dense urban, etc.). Also, probability 
of NLOS is P(NLOS) = 1—P(LOS). Equation 0 indicates that 
the probability of having LOS connection between the aerial 
base station and to ground users is an increasing function of 
elevation angle. In other words, by increasing the elevation 
angle between the receiver and transmitter, the shadowing effect 
decreases and clear LOS path exists with high probability. 
Finally, the average path loss as a function of the DSC altitude 
and coverage radius becomes 


L{R, h) = P(LoS) X Llos + P(NLOS) x LnloS- (4) 


B. Optimal Altitude for Single DSC 

Given this channel model, our first goal is to study the 
problem of optimal altitude for a single DSC seeking maximum 
ground coverage. Consider a DSC transmitting its signal with 
the power of Pt, then the received power is written as 

Pr{dB) = Pt-L{R,h), (5) 

A point on the ground is covered by the DSC if its signal to 
noise ratio (SNR) is greater than a threshold ( 7 th ). That is 

7(i?, ft.) = ^ > 7th, (6) 

where N is the noise power. Obviously, to find the maximum 
achievable coverage radius we should have j{R, h) = 7 th. For 
a fixed transmit power, the optimal DSC height which results 
in maximum coverage is computed by solving the following 
equation 0: 

18Q(^nlos i-Los)PZ ^ 2Q/i _ 

TT{Zplf log(lO) 

where Z = aexp(— [^tan“^(/i) — a]) and pi = h/R.^y 
solving 0, /iopt = ^opt/^max IS Computed and using 0, /lopt 
and i^max are found. 

Note that due to the limitation on the altitude of DSCs, we 
have h ^ /imax^ where /imax is the maximum allowable altitude 










for DSCs. It can be shown that using the typical values for the 
parameters in (|^ and §.Si< 0 which implies that R as 
a function of is a concave function. Therefore, the coverage 
range increases as the altitude increases up to the optimal point 
and after that it decreases. As a result, considering a constraint 
on the maximum allowable altitude, the feasible optimal altitude 
is equal to /lopt = minj/irnax, ^opt}- Now, assume that the 
target area which should be covered is fixed with radius of 
Rc and the goal is to find the an optimal altitude where the 
minimum transmit power is required to cover the target area. 
The derivative of transmit power with respect to the altitude is: 

dPtldh = dL{Rc, h)/dh = 0 ^ /lopt = A^opt^c- (8) 

Finally, considering the feasible optimal altitude, the mini¬ 
mum required transmit power will be 

^t,min(<^^) = L{Rc^ ^opt) + 7th^- (9) 

Now, we prove that i? as a function of h does not have more 
than one local maximum. In other words, if a local maximum 
exists, the corresponding h is the optimal altitude. Clearly, if a 
DSC is deployed at the optimal altitude, it provides a maximum 
SNR for any ground users. This is equivalent to have a minimum 
path loss for the users. Consider a ground user located at the 
radius of Rq from a point corresponding to the projection of 
a DSC onto to the ground. The average path loss at the user 
location as a function of elevation angle can be written as: 


m = 


(CloS — ^NLos) 


1+a exp(-/3 [^6* - a]) 
Ait f f] 

-20\og{RoCos{0)) P20\og{^^). 


( 10 ) 


Since altitude and elevation angle are directly related, the 
optimal altitude corresponds to the optimal elevation angle. To 
show that the number of local minimum path loss as a function 
of elevation angle is not greater than one, we should have: 

Proposition 1 . If a local minima exists in the path loss function, 
then it is the only local minima of the function. 


Proof: 

we have to show if > 0 

oO 

^/^(CnLoS - ^Los)Z 


dL{0) 

dO 

dL{0) 

dO 


> 0 ^ tan(^) > 


^ d^m 

dO^ 

+ tan(6>) 


> 0 . 


^/^(CnLoS — ^Los)^ 


So, 


[tan(6>)]^ > 


[^^(CloS - ^NLos)-^]' 

(1 + Z)^ 


_ (CloS - ^NLos)^^ (CloS-CnLos) 

{ipzy "" z 

(«) [^P] {CloS - CnLos)-^^ 

(1 + Z)^ 


Finally, 

d^L(0) 

dO^ 


- ^(^LoS - ^NLos)(^^ 




+ tan^(^) + 1 > 0 , 


where Z = aexp(—/I [0 — a]) and (a) is based on 
(^Los — ^NLos) > ^ which is hold for the typical values related 
to urban environments and elevation angles greater than 5 
degree. 

Now, assume is a local minimum, then. 


dL{e) 

do 


> 0 ^ for 6> > 6>o we have 

e=et 


d^L{0) 

80^ 


> 0 . 


Hence, 0 = Oq is the only local minimum and is the optimal 
elevation angle. ■ 

Knowing that the path loss as a function of altitude has 
only one local minima, the optimal altitude can be found by 
increasing the DSC altitude up to a point where the path loss 
starts increasing. 


III. Case of Two Non-Interfering DSCs 


Here, assuming that two DSCs are operating together in a 
given area, the optimal distance between them in both interfer¬ 
ence and interference-free situations is analyzed. 

A. Two DSCs in interference free situations 

Next, we consider two DSCs that are used to provide cov¬ 
erage for a target area. Here, without loss of generality, we 
consider the target area to be a rectangle whose length is 
given by a and whose width is given by b. To have maximum 
coverage for this target area, optimal values for DSCs altitude 
and distance should be determined. Intuitively, for a given target 
area in the absence of interference between the two DSCs, the 
maximum overall coverage is obtained if the effective coverage 
inside the target area provided by each DSC is maximized while 
the overlap between the coverages of DSCs is minimum. These 
conditions are satisfied if each DSC is at its optimal altitude and 
they are separated as far as possible but they should not cover 
outside the target area. In general, the DSCs can be deployed in 
different altitude and they might use a different transmit power. 
As a result, they can provide a different coverage radius. 

Figure shows the coverage of two DSCs located at their 
optimal altitudes, D is the distance between DSCs, Rf^^ and 
j^max corresponds to the maximum coverage radius for the first 
and second DSC, and 0(x, y) is the origin of coverage area with 
respect to the center of target area. The optimal deployment of 
two DSCs in the absence of interference can be determined by 
the following set of equations: 


(h = hT, 
h2 = fiT, 

{xi, yi) = (^ + Rr^, 7 + 


( 11 ) 


where and are the optimal feasible altitude for DSCi 
and DSC 2 . O is found by placing the coverage areas as 
separate as possible and the tangent to the borders of target 
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Fig. 2: Optimal deployment of two DSCs in the absence of 
interference. 

area. Note that in this case the target area is larger than the 
coverage region of UAVs and as a result the coverage regions 
will be located inside the target area. By using some geometric 
properties for calculating the total area of intersecting circles, 
the maximum overall coverage area can be expressed as follows: 
If the two coverage areas overlap {D ^ 


= 7r[{R^^^f 


where 


- (i?r’‘)2cOS-l 


D2 (i?max)2 _ 

2DB^ 

£>2 + - 

2DRf^ 


(i?^) 




2 


2 


+ B, ( 12 ) 


B=^/{-D + R 

X ^y{D + 


>^){D-R 




max _|_ ^max^ 


+ 


For the special case where the two DSCs are identical, located 
at the same altitude and use the same transmit power, they have 
the same coverage radius (Rf^^ = Rf^^ = R^^A- Then (13) is 
reduced to 

- 2 (i?”“) 2 cos-i 

(13) 

+ 2^4(i?max)2 _ 

If D > RJ^^^ + R^^^, they do not overlap and the total 
coverage area is given by 


^”»=7r[(i?f“)2 + (i?”“)2 


(14) 


B. Case of Two Interfering DSCs 

Next, we consider a case in which the two DSCs interfere 
with each other during the transmission. This situation happens 
when DSCs are not controlled by the same control system so 
they might use the same transmit channel. Also, due to the 
limited number of available channels in a wireless network, 
the DSCs might transmit over the same channel resulting in 
interference. 

Consider a given target area which should be covered by two 
DSCs. Clearly, the distance should not be too large to avoid 
covering unwanted area (outside the target area), and it should 
not be too small due to the high interference effect. Therefore, 
an optimum distance between DSCs which results in the highest 
coverage exists. Figure 3 illustrates two DSCs separated by D. 


DSC 2 



Fig. 3: Two DSCs interfering scenario. 

Consider a ground user at the radius of Ri and Ri from the 
projection of DSCi and DSC 2 onto the ground, f is the angle 
between and D. In this case, a point on the ground is covered 
by a DSC if the signal to interference plus noise ratio (SINR) 
be greater than 7 th. Thus p 

7(i?i, i?2, hi, / 12 ) = .. p ^ 7th, (15) 

+ i7,2 

where and Pr ,2 are the received power from the first and 
second DSCs. 

Given that R 2 ^ = Ri^ + — 2PiPcos(0), and assuming 

that the DSCs have the same altitude of h, the SINR can be 
rewritten as 

7 (iti,D, 0 ) = —(16) 

Tr ,2 + 4 V 

Obviously, for given D and Pi values, a specific range for 
(j) which satisfies the above inequality, is obtained. That is, for 
D = Do and R = Rq, the positive coverage angle range is 
0max ^ tt. Note that since the target area is limited, the effective 
coverage angle is inside the target area. Hence, the upper bound 
of (j) is not necessarily tt and is replaced by 0max- Assume that 
the maximum coverage for a DSC in the absence of interference 
is Pm. Without loss of generality, we fix the location for DSC 2 
at X 2 = f — Pm- In addition, for simplicity, we assume that 
DSCs altitude and their transmit power are fixed and identical 
and the only parameter that can change is the distance between 
DSCs. The goal is to find the optimal distance between two 
DSCs which leads to the maximum overall coverage inside the 
target area. Note that we fix the position of one DSC over the 
target area and then deploy the other DSC within distance D 
from the first one. The total coverage area is expressed as: 


Rrr 


iy=ct>maAR) 


Ac = ^C,l + Ac2 = 2. 


/ 


R.dRdcj) 


i?=0 cl)=(f)min(R) 


Rm 



R=Q 


/ 


0— 4*min (^R) 


R.dRdcj), 


(17) 


where Ac,i and Ac ,2 are the effective coverage inside the target 
area provided by DSCi and DSC 2 . It can be shown that for 
0max DSCi that might partially cover outside the target area is 
computed as follows: 

















TABLE I: Parameters in numerical analysis 


9i'max(-R) = cos ^(maxj-l, (ig) 

Finally, the optimal distance between DSCs is 


-Dopt = arginax{Ac(-D)}. (19) 

D 


Note that although most of the analytical results shown in 
the previous sections have closed form expressions, in the case 
of two fully interfering DSCs, due to the dependency of SINR 
on the location of ground user, a closed form expression for the 
total coverage area cannot be derived. In a more general case, 
the DSCs can be placed at different heights and consequently 
they can have different coverage performance (Ac,i 7 ^ ^ 0 , 2 )- 
The total covered area can be written as: 


-Rm,l 0—0rri,aa;, 1 (-R) 

Ac = 2. J j R.dRdcj) 

R 0 1 (-R) 

Rm,2 0=7r 

+2. / / ^ ARdcj)^ 

i?=0 (t)=(t>min,2{R) 


( 20 ) 


where Rm,i and Rm ,2 is the maximum coverage for the first 
and second DSCs in the absence of interference, and 

0 min, 2 (^) are the minimum angle that for a given R can be 
covered by DSCs. 

In this case, beyond the optimal DSCs distance, the optimal 
altitudes should also be determined. To this end, a three dimen¬ 
sional search over D, hi and /12 is required. Then we should 
have 


(-Dopt,/ii,opt,(i2,opt) = arginax{Ac(-D, (11,(12)}- ( 21 ) 

D^h\ ,/i 2 

IV. Numerical Results 

Assuming that DSCs are operating in urban environments, 
numerical and analytical results are presented. Table I lists the 
typical parameters used in the numerical analysis 0. Note 
that the values of a and in 0 depend on the environment 
and are different when DSCs operate in other areas such as 
dense urban or suburban. Here, we consider an urban area and 
use the corresponding a and p parameters to compute the path 
loss effect. 

Figure 4 shows the minimum transmit power required to have 
a certain coverage radius as a function of DSC altitude. De¬ 
ploying a DSC at the optimal altitude minimizes the minimum 
required transmit power for covering a target area. In fact, for 
very low altitudes, due to the shadowing impact, the probability 
of LOS connections between transmitter and receiver decreases 
and consequently the coverage radius decreases. On the other 
hand, in very high altitude LOS links exist with a high probabil¬ 
ity. However, due to the large distance between transmitter and 
receiver, the path loss increases and consequently the coverage 
performance decreases. For instance, the optimal altitude for 
providing 500 m coverage radius while consuming minimum 
transmit power is 310 m. Moreover, in Figure 4, we can see 


Parameters 

Value 

fc 

2 GHz 

CloS 

1 dB 

CloS 

20 dB 

A^(200 KHz bandwith) 

-120 dBm 

a 

9.6 

d 

0.28 

length of area (a) 

2000 m 

7th 

10 dB 


that only one local minimum exists for the transmit power as a 
function of altitude. The results in Figure 4 provide very useful 
guidelines for power minimization which is one of the main 
concerns in designing DSC networks. Figure 4 shows that as 
the radius of target area increases, both the optimal altitude and 
the minimum transmit power required to cover the area increase. 



Fig. 4: Minimum required transmit power 


In Figure 5, we show the impact of interference on the 
coverage performance when two DSC are located at an altitude 
of 300 m and a separation distance of 1100 m. The target area is 
a rectangle with a = 2000 m, 6 = 700 m. The overall coverage 
area includes two parts inside and outside of the target area. 
Note that the effective coverage area is the part of coverage 
region inside the target area. Figure 5 also shows the impact 
of interference between DSCs that creates holes between the 
coverage regions provided by the two DSCs. To maximize the 
effective coverage area, the distance between two DSCs should 
be properly adjusted such that the interference between DSCs 
is not high while the coverage region outside the target area is 
minimized. 

Figure 6 shows the ratio of effective coverage area to the 
target area that can be achieved using two DSCs for different 
values of D. In the presence of interference for high values 
of D, although the DSCs septation is sufficient to mitigate the 
impact of interference, they mainly provide coverage for outside 
of the target area which is not desirable. On the other hand, if the 
DSCs are very close together, interference between them will 
significantly reduce the overall coverage performance. As shown 
in Figure 6 , an optimal separation distance between the two 
DSCs resulting in a maximum coverage in both interference and 
non-interference cases exists and is about 1100 m and 900 m 
respectively. In the non-interference situation, as expected, the 
overall coverage is higher and the optimal separation distance is 























Target area 



Fig. 5: Coverage performance of two DSCs in the presence 
of interference. 



Fig. 6: Overall coverage ratio versus DSCs separation 
distance. 

lower compared to that of in the interference case. The reason 
is that when there is no interference, we can reduce the DSCs 
separation distance without loosing the coverage performance 
that can occur in the presence of interference. 

In Figure 7, we show the optimal DSCs separation distance 
as a function of length of the target area. According to Figure 
7, the optimal distance between DSCs almost linearly increases 
according to the size of the area. For example, when the length 
of the target area changes from 1800 m to 2400 m, the optimal 
distance between DSCs increases from 1000 m to 1350 m. In 
fact, to avoid interference between DSCs we should deploy them 
as separate as possible but still inside the target area. This can 
be interpreted as scaling the distance between DSCs along with 
the target area. 

V. Conclusions 

In this paper, we have studied the coverage performance of 
DSCs acting as base stations in low altitude platform. First, the 
impact of a DSC altitude on the downlink ground coverage has 
been evaluated and the optimal values for altitude which lead 
to maximum coverage and minimum required transmit power 
have been determined. Next, considering an interference free 
situation and given a target area to be covered, the optimal 
deployment for two DSCs in terms of altitude and distance 
between them has been presented. In the presence of full 
interference between the two DSCs, the coverage area has been 
formulated. The results have shown the existence of an optimal 
DSCs separation distance which provides maximum coverage 
for a given target area. The results presented in the paper provide 



Length of the target area (m) 


Fig. 7: Optimal DSCs distance versus length of target area. 

a stepping stone addressing the more general cases with higher 
number of DSCs. 
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